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ADVANCES IN SPUTTERED AND ICN PLATED SOLID FILM LUBRICATION

T. Spalvins®

SUMMARY

The glow discharge or ion assisted vacuum deposition techniques, primar-
ily sputtering and ion plating, have rapiuly emerged and offer great poten-
tial to deposit solid lubricants. The increased energizing of these deposi-
tion processes lead to improved adhere.ce and coherence, favorable morpho-~
logical growth, higher density, and reduced residual stresses in the film.
These techniques are of invaluable importance where high precision machines
tribo-components require very thin, uniform lubricating films ( 0.2 m),
which do not interface with component tolerances. The performance of sput-
tered MoS, films and ion plated Au and Pb filins are described in terms of
film thickness, coefficient of friction, and wear lives.

INTRODUCT ION

To prevent tribological failures of contacting tribo-elerient surfaces in
sliding, rotating, rolling or oscillating motion, friction and wear has to be
minimized by application and interposition of lubricating materials. Oils
and greases have been found to be inadequate wear preventives under severe
environmental conditions. To meet severe operational conditions such as high
vacuum, high temperature, nuclear or spacial radiation, extreme 1loads, and
chemically reactive or corrosive environments, it is of great importance to
select the proper solid lubricant and a suitable deposition technique. The
selected solid lubricant and its application technique will determine the
tribological control in terms of friction, wear, and endurance life and is
expected to perform over a broad spectrum of these harsh environments. Pri-
marily, the deposition technique selected determines the mode and life of
wear or the type of corrosion. In recent years, the glow discharge or ion
agssisted vacuum deposition techniques, primarily sputtering and ion plating
have rapidly emerged and offer a great potential to deposit solid lubricants
such as the lamellar solids (MoS,, WS, NbSep, etec.); soft metals (Au,
Az, Pb); polymers (PTFE and polyimides); and wear resistant refractor com-
pounds (nitrides, carbides, borides, oxides and silicides).

The sputtering and ion plating techniques are restricte t+~ processes
where particle condensation on the substrate is initiated by the ions which
transfer energy, momentum, and charge to the substrate and the growing film,
and which can be benefieci~lly controlled to affect the nucleation and growth
sequence. Consequently, the increased energizing of the deposition process
leads to improved adherence and coherence, favorable morphological growth,
higher density, and reduced residual stresses in the films. The coating
thickness required is generally small, typically 0.2 to 0.6 m thick, and the
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highly polished and finished components are coated as the final processing
step. All these foregoing coating properties beneficially affect the tri-
bological, mechanical, and corrcsive behavior of the contacting surfaces and
are described and illustrated in this paper.

SPUTTERING TECHNOLOGY

When energetic ions strike a surface, a number of =vents can occur, as
shown in Fig. 1. First, the incident ion can enter the surface and become
trapped. This interaction is referred to as ion implantation. Second, the
ion may be reflected from the surface, after being neutralized in the proc-
ess. Third, as a result of momentum transfer, an atom of the surface can be
ejected. This is the mechanism referred to as sputtering.

The sputtering technoiogy offers a great versatility and flexibility in
coating deposition, since the sputtered coatings can be tailored in any pre-
ferred chemical composition, and the coating morphologies can be modified.
Numerous sputtering modes 9direct current-dc, radio frequency-rf{, magnetron,
reactive, etc.) have emerged and have been widely described in the literature
(Refs. 1 to 3). A typical rf diode sputtering apparatus with dc¢ bias capa-
bility is shown schematically and photographically in Fig. 2. This sputtering
system has been extensively used for sputter-deposition of solid lubricants
such as MoS,, WS,, PTFE, etc. In rf sputtering, the target (material to
be deposited) is energized by the application of rf (13.56 MH,) power.
Before rf sputter deposition, the substrate surface is sputter cleaned and
textured by ion bombardment, thus providing excellent adherence.

Performance of Sputtered MoS; Films

To achieve effective MoS, lubrication, two requirements have to be met:
(i) strong film/substrate adherence, and (2) a low crystalline slip during
shearing. Sputtered MoS, films generally display a strong adherence to
most metallic surfaces, with the presently known exceptions being copper and
silver and their alloys (Ref. U4). These two metals are highly reactive with
the activated free sulphur during the sputtering process, thus forming sul-
phur compounds which have the tendency to flake off the surface.

Prior to sputter depositing MoSp, the highly polished surface is
cleaned by ion bombardment, thus providing an excellent adherence. Due to
the strong adherence, extremely thin films (about 0.2 m) are more effective
than thicker films applied by other techniques, as shown in Fig. 3. In thin
solid film lubrication, the film thickness has a very pronounced effect on
the coefficient of friction. Essentially, the coefficient of friction
reaches a minimum value at an effective or critical film thickness, as shown
in Fig. 4. The effective r'ilm thickness for sputtered MoS, films has been
experimentally observed to be in the 0.2 m range (Ref. 5). Typical Scanning
Electron Micrographs (SEM) in Fig. 5 show that a 1 m thick sputtered MoS>
film after a single pass sliding has a tendency to break within the columnar
region of the film, thus leaving a residual or effective film on the sub-
strate. This effective lubricating film performs the actual lubrication and
displays a low coefficient of friction ( 0.04) under vacuum conditions. The
morphological growth zones for MoS, €ilms are schematically 1llustrated
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after sliding in respect to film fracture in the columnar zone in Fig. 6.
This film fracture behavior c¢learly indicates that the adhesive forces
between the substrate and the MoSp; film are stronger than the cohesive
forces in the film itself. It should be remarked that the displaced excess
film generates unnecessary wear debris, which has the tendency to increase
the torque level and impair the lubrication cycle irn precision bearings.

To strengthen the structural integrity of the MoS, film in the columnar
zone and possibly increase the thickness of the remaining or eftective film,
gold dispersion was introduced into the sputtered MoS; rilm for densifica-
tion and strengthening purposes. A compact Au~MoSp sputtering target pre-
pared by powder metallurgy techniques with 5 to 8 wt % of gold was sputtered
to achieve the gold distribution within the MoS, films. Similar co-
deposited Ni-MoS, films have been also reported (Ref. 6). These co-
sputtered Metallic-MoS, films aisplayed a lower and more stable coefficient
of friction and even longer eandurance lives than the pure MoS, films (Ref.
7).

To insure consistency in performance, precise sputtering quality control
is necessary. Film morphology and chemical composition are sensitive to
sputtering parameters. The integrity of the sputtered MoSp; films can ULe
identified by visual appearance prior to and after gentle rubbing or wiping
across the surface. An effective lubricating film has a matte-black, sooty
surface appearance, whereas an unacceptable film has a highly reflective
mirror-type surface. When the matte-black, sooty surface is slightly wiped
unidirectionally, the color changes from biack to gray and is schematically
represented in Fig. 7. The color change reflected from black to gray is due
to the reorientation of the crystallites or platelets in the film (Ref. 8).

Sputtered MoS,; films are particularly indispensable for applications
where extremely thin films ( 0.2 m) are required for tribological control in
high precision bearings, where tolerances are close, reliability requirements
are high and the minimization of wear debris formation is critical. MoS
films are directly sputtered onto bearing components (races, cage, and balls
as shown in Fig. 8. These films have been successfully used in despin bear-
ings for communications satellites, gimbal bearings of reactive motors, beai-
ings for antenna and solar array pointing mechanisms, gears and bearings of
spacecraft harmonic drive assemblies, and in numerous other aerospace and
earth satellite applications. For instance, in Fig. 9 the adjusting screw
which fits into a power nut, is sputter coated with a 0.3 m thick MoS;
film (kef. 9). Note, that the left hand bearing diameter is also sputtered
to prevent fretting corrosion against the inner face of a ball bearing fit.
This assembly is used in the Intelsat V Satellite to position the antennas.
The operational requirements are from one to two cycles per day for 16 years.

ION PLATING TECHNOLOGY

The ion plating technique combines the high throwing power of electrec-
plating, the high deposition rates of thermal evaporation, and the high
energy impingement of ions and energetic atoms of sputtering a.ad ion implan-
tation processes. The basic difference between sputtering and ion plating is
that the sputtered material is generated by impact evaporatior and transfer
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cvenr by foewerton teavn Per o ocens. v ion plating the evaporant is gen-
co et by toeroal o cvepnoration. The don plating process is more energetic
toen Gputieolmg;, since tne process uses a Figh specimen bias of several
thoasard welts to dircctly accelerate the positively ionized evaporant atoms
tnbo t o Cbstrate. Ihe bacic e plating system consists of a de-diode con-
fegac4abion, vhere e pefimen 15 made the cathode of the high voltage dc
¢1rzult with an evaporation source as annde shown in Fig. 10, The ion nlant-
ing technique ara the process parameters are described in the literature
(Refs. 10 te 1<),

Tre irterest 1 1o plating originates from its two unique features:

(1) The Yigh erergzy tlux of 3:rs and energetic neutrals contribute Lo Lhe
eacellent t3lm/cutstrate adherence and the desirable morpholeogical growth of
H T

(20 The mien e wanw power provides tor three-dimensinnal coverage to
coal vonpled, 1obrocate component s such as bearings cages and races without
rotation.

I[hese nwoe festuren have gencrated new potentials in coating utilization.
The soft retallic ior plated ¢ilrs such as Au, An, and Pb are primarily used
for lubriceating spaceborn tr-ibo-element components and ion plated Al films
f'~r corrosion ;rore tion of aireraft engine parts and structuvral components.

Pertor once of Ion Plated tMetallic Films

feroexcellert f£1la adhersnce of ion plated films is attrituted to the
tormatic - ot ¢ pracca 1ntertdos totween the film and the substrate, even
where the Dilm/gnubstrate materials are mntually incompativle. Thic graded
inter{a o rot rnlv jroyvy les excellent adherence, but also induces surface and
suhsurface ste=ny therning efterts which favorably affect the mechanical prop-
erties gueh s 1eld strenztn, tensile ntrength, and fatigue life, as shown
in Fips. 11 ar 12, 0f the soft metallie tiirs (Ag, Au, ard I'b), gold and
fead rave touna extensive uses in spaceborn bearings of satellite mechanisms
s11eh 1s rolar array drives, despin assemblies, and gimnals. These ion plated
lnbri-~ating thie firims 0.2 m thick are very efrective in increasing the
endurance li1fe, recucing tne coefticiert of friection, ana eliminating instant
or  caltastraphice tailure. The f1ivorable coating behavier i3 due to the
superior Lodberenc e, wraded interface, very smell, uniform crystallite size
which ¢ ributes to high aensity packing, (pore free) and vopry continuous and
uniform film with a high degree of lattice fit. Due to these favorable coat-
ing termation characterictice, extremely thin films in the 0.2 m range are
far superyor to thycker tilms in terms of the coetficient of friction, as
shown 11 tipg. 12, tor gold sna lead (Ret. 14).  For instance 1t has been
shown (bet'. 1*) that the Pb film's superior adresion produced significantly
lower torgue noice ona the torgine behavisr was statle over the first million
revolutions.

Tne meh throwine fower and tte excellent adherence is widely used to ion
plate threce-dimensional complex rmechanical surfaces, such as internal and
“aterial o surfoces of tubirg, fartencrs, oall bearinegs, and geac toeth, as
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